Abstract: Preparing conductive composite bipolar plates for fuel cells by compression molding is a promising research direction. The very key point is how to choose the conductivity filler and binder to meet the requirement. In this article, natural graphite and expanded graphite were used as the filler, and phenolic resin and epoxy resin were used as the binder. The composite bipolar plates were prepared by solution intercalation mixing, compression molding, and curing. The variations in electrical conductivity and mechanical properties were evaluated with the resin content. The results show that the types of fillers and binders have significant effects on the performance of composite bipolar plates, and that the thermal stability of all composite bipolar plates is very good at the fuel-cell working temperature. The corrosion current densities were < 16 μA/cm 2 , which indicates that the composites developed in this work meet many attributes of bipolar plates for use in polymer electrolyte membrane fuel cells.
Introduction
Recently, polymer electrolyte membrane fuel cells (PEMFCs) have been shown to be the most promising power sources for various portable electronic devices and transportation applications. The PEMFCs have the advantages of compactness, light weight, high power density, being non-pollution causing, and requiring lowtemperature operation. The potential commercial applications include cellular phones, household power and distributed power generation, laptop computers, military back power packs, etc. [1] [2] [3] . Bipolar plates are the most important components that electrically connect successive cells in a fuel-cell stack and provide the gas flow field [4] . Hence, bipolar plates must have a light weight, high electrical conductivity, sufficient mechanical properties, excellent corrosion resistance, good thermal stability, etc. [5] .
The most commonly used bipolar plate is made of graphite. Owing to its brittleness and the difficulty in machining, the graphite bipolar plate has to be made with several millimeters thickness, which causes the fuel-cell stack to be heavy and voluminous. To make the stack lighter, the graphite bipolar plates must be replaced by other graphite-based composite bipolar plates made from the combination of graphite, or carbon powder filler, reinforcements, and polymer resin using conventional polymer-processing methods. These offer the advantages of lower cost, light weight, and high electrical conductivity [6] .
To fabricate the slim-type PEMFCs, an issue associated with high graphite carbon loadings in thin polymer composite bipolar plates is the substantial reduction in the strength and ductility of polymer composites. As a candidate to fulfill the requirements for PEMFC bipolar plates, the carbon composite has been developed extensively. Most of the studies investigated the material properties of carbon composites and reported that, assembled into a single cell, composite bipolar plates exhibited good performance [7] [8] [9] [10] .
In this study, three types of thin composite bipolar plates (thickness < 2 mm) for the PEMFCs have been prepared by the bulk molding compound (BMC) process using natural graphite (NG) and expanded graphite (EG) as fillers, separately, and phenolic resin and epoxy resin as binders. The effects of the fillers and binders on the composite bipolar plates were investigated.
Materials and methods

Materials
Graphite powder, with a purity of 99.9% and particle size < 74 μm, was obtained from Qingdao Guyu Graphite Company (Qingdao, China). Expanded graphite was provided by Jilin Carbon Co. Ltd. (Jilin, China). The phenolic resin was purchased from Changsha Zhida Insulation Chemical Industrial Co. Ltd. (Changsha, China). Its viscosity is 2500-3000 CP/25°C, water content is < 12%, solid content is 70-74%, and free phenol is 5-7.5%. Epoxy resin (E-44) was produced by Yichun Zhuoyue Chemical Co. Ltd. (Jiangxi, China). The epoxy value is 0.44, and the molecular weight is 450. Carbon black was supplied by China Oak Group Carbon Black Chemical Engineering Design Academe (Sichuan, China) (particle size < 20 μm).
Sample preparation
The BMCs were prepared by mixing the resin, graphite or expanded graphite, and other additives (carbon black) in a kneader for 2 h, and the weight content was 5%. Then, the compounds were dried at 40°C, and then shattered and sieved before the mold-pressing process. The processing temperature was 25°C, the molding processing time was 1 min, and molding pressure was 10 MPa. Then, the plates were cured in an oven according to a certain procedure.
Measurements and instruments
The electrical resistance (ρ) of the composite bipolar plate was measured using an SX1934 four-point probe instrument (Suzhou Baishen Technology Co. Ltd., Suzhou, PR China). Electrical conductivity was calculated from the value of electrical resistance. An average of about 10-12 readings on each plate (in both x-y) is reported in the text.
The flexural strength of the composite bipolar plate was tested based on the procedure of ASTMD-790, using a universal testing machine (Instron WDW-E200, Dalian Aosong Laboratory Equipment Co., Ltd., Dalian, PR China). The specimen was 60 mm in length, 5 mm in width, and 2 mm in thickness. The supporting span was 40 mm at a constant cross-head speed of 1 mm/min.
The section morphologies of the composite bipolar plates were observed on a JSM-6700F type scanning electron microscope (SEM, The Japanese Electronics Company, Japan).
A JC2000C1 interfacial tension measurement instrument (Shanghai Zhongchen Digital Technology Equipment Co., Ltd., PR China) was used to measure the water contact angles.
The porosity and water absorption rate of each sample was measured according to the ASTM C20 test procedure. After drying in an oven at 100°C for 2 h, the specimen was weighed in air and the mass was recorded as M 1 , and then completely immersed in water at a temperature of 100°C for 2 h and cooled in water for 12 h. After been weighed in water (recorded as M 2 ), the specimen was finally dried off and weighed (M 3 ). The water absorption rate, W a , was calculated as follows:
The porosity, P a , was calculated as follows:
Thermogravimetric (TG) analysis was conducted using a Du Pon-TGA951 (Du Pon Company, USA) by heating 6-10 mg samples from ambient temperature to 800°C with a heating rate of 10°C/min in air. Plots of weight loss versus temperature were recorded. The thermal expansion curves of the different composite plates were determined by using NETZSCH DIL 402EP (NETZSCH Company, Germany) at a temperature range from 30°C to 150°C in the X-direction according to ASTM D-696. The corrosion resistance of the composite bipolar plates was examined with a CHI660A electrochemistry workstation system (Shanghai Chenhua Instrument Company, Shanghai, China), which included a reference electrode, a working electrode, and an auxiliary electrode. The scanning range was between -0.5 and +0.5 V (vs. SCE) with a rate of 10 mV/s, and electrochemical measurement techniques were applied. Plots of voltage versus current were recorded. Tafel plots were used to determine the corrosion current densities. The bipolar plates may be immersed in the simulated PEMFC environments of 1 m H 2 SO 4 +2 ppm F -at 70°C.
Results and discussion
Electrical property
Bulk electrical conductivity is one of the most important properties of bipolar plates and is affected by many factors, such as resin content, resin type, and filler type. In this work, the effects of these three factors on the electrical conductivity were investigated. The result is shown in Figure 1 . The electrical conductivity of three types of composite bipolar plates, NG/PF, NG/PF-NE, and EG/PF, decreased with increasing organic binder [phenolic resin (PF), mixture of phenolic resin and epoxy resin (PF-NE)] content. The reason proposed was that in the composite system, the binder layers interrupt the effective doping process and induce weak interchain and intrachain interactions, which result in decrease in the bulk electrical conductivity of the composite bipolar plates. As a result, the bulk electrical conductivity of EG/PF was slightly decreased from 90.4 to 65.9 S/cm, while that of NG/PF and NG/PF-NE were significantly decreased from 134 to 53.4 S/cm and 96.2-25.3 S/cm, respectively. The tendency of the electrical conductivity of the composite materials was determined by the electrical conductivity of fillers. The volume and surface area of the EG are larger than that of NG at the same mass. Consequently, the variation of binder content had relatively slight effects on the bulk electrical conductivity of the composite. The above results indicated that the value of electrical conductivity depends on the type of the binder. The cross-linking density of cured PF-NE was higher than that of PF; thus, if the contents of the resin and the conductive fillers are the same, the NG/PF-NE composite bipolar plate is more compact and the bulk density is higher, which probably leads to the higher electrical conductivity of NG/PF-NE than that of EG/PF.
Flexural property
Bipolar plates should have adequate mechanical properties for them to be used in fuel-cell stacks. However, it is difficult to gain high electrical conductivity and sufficient mechanical properties at the same time with polymer composites doped with high graphite powder loadings. As a result, the mechanical properties of composite bipolar plates available thus far are still significantly lower than the target values, as shown in Figure 2 . Two types of binders and electrical conductivity fillers have been used to improve the mechanical properties of composites. As shown in Figure 2 , the flexural strength of the composite bipolar plates increased with the increase of resin content. The adhesion between the resin and the graphite became stronger as the resin content increased. Consequently, the flexural strength of composite bipolar plates increased as the resin content increased. Figure 2 shows that same as the resin content, the flexural strength of the composite bipolar plates was increased in the order of NG/PF-NE > NG/PF > EG/PF. The more compact threedimensionally cross-linked network structure formed in the curing reaction between NE and PF as the curing agent [11] is attributed to the higher flexural strength of NG/PF-NE composite plates. The volume and surface area of EG are larger than that of NG of the same mass. Consequently, at the same resin content, the interface area between EG and resin is relatively smaller than that of NG and resin, which leads to the lower flexural strength of EG/PF composite plates compared with the composite plates using NG as conductive fillers. 
Hydrophobic property
It was found that hydrophobicity is one of the important properties affecting cell performance, particularly at high current densities [12] . In this experiment, the surface hydrophobicity of all the composite plates was obtained by measuring the water contact angles, as shown in Table 1 . The water contact angles of NG/PF, NG/PF-NE, and EG/PF composite plates were 86°, 83.6°, and 81.5°, respectively. The NG/PF composite plates were more hydrophobic than the EG/PF composite plates. This fact indicates that a water droplet in the gas flow channels of NG/PF composite plates can be swept away more easily by the gas stream under relatively lower flow rate conditions. That means cells can exhibit higher performance at lower flow rates. This characteristic is important for the improvement of fuel-cell system efficiency, and higher flow rates result in lower oxidant utilization and larger power consumption for driving an air compressor or blower to supply air to the fuel cell in the case of using air as an oxidant [13] . In a practical fuel-cell stack with a large electrode area, blocking of the gas flow channels by condensed liquid water tends to occur, which results in serious degradation of the electrode area, reactant utilization, and increase in humidifying temperature. However, it is not as hydrophobic as a graphite bipolar plate whose water contact angle is 93°. It can promote the distribution of water throughout the bipolar plate. The water can be transported from the cathode side of the bipolar plate to the anode side by the capillary action, which can humidify the polymer electrolyte membrane while the PEMFC operates [14] . Table 1 Water contact angles of the surface of the composite bipolar plates.
Bipolar plates Contact angle (°)
NG/PF 86 NG/NE-PF 83.6 EG/PF 81.5 
Water absorption property
The average water absorption rate for the three types of composite bipolar plates was obtained from three repeated measurements. The experimental results are presented in Table 2 . The amount of absorbed water for the composite bipolar plates was too small ( < 5%). The water uptake by the NG/NE-PF composites is only 1.8 g water per 100 g of composite, which is consistent with the results obtained by Du and Jana [15] , while the water uptake by the EG/PF composites reached 4.5 g per 100 g composite. It can be considered that the difference in water absorption results from the greater porosity of the EG than that of NG. It is imperative that the composites must have and should maintain high electrical conductivity and flexural strength at a dry state to support thin membranes and electrodes during the service life. Considering this, the electrical conductivity and flexural strength after absorbing water were monitored in this work. From Table 2 , it can be seen that these two quantities of composite bipolar plates decreased only slightly because of the small water absorption. Thus, water uptake had very little influence on the conductive filler network structures in these composites; especially the flexural strength showed almost no change, which illustrates that the composite bipolar plates have good stability in a PEMFC runtime damp environment.
Thermal properties
Thermal stability
The thermal stabilities of the composites were characterized by thermal gravimetric analysis in terms of thermal degradation temperatures derived from fractional weight loss vs. temperature plots. The TG and differential scanning calorimetry (DSC) curves of the composites are shown in Figure 3 . It was found that at the fuel-cell working temperature of 80-100°C, the thermal stability of bipolar plates was very good, and specimens had no weight loss before 300°C in the air. The temperature at 5% weight loss for the NG/PF, NG/NE-PF, and EG/PF composites were approximately 377°C, 380°C, and 360°C, respectively. The NG/PF and NG/PF-NE composites had the same temperature value of 5% weight loss, which was higher than the counterpart of the EG/PF composites fabricated in this experiment. It indicated that the influence of filler was greater than that of binder in the composites. The EG/PF composite plate showed two obvious exothermic peaks at 460.6°C and 797.0°C, which are the pyrolytic temperature of the binder and the oxidation reaction temperature of the fillers, respectively. However, the EG/PF composite had an exothermic peak at 518.1°C. It is because the activity groups produced in the preparation of EG were decomposed at this temperature, which was also observed by Yang Jian-Guo in his work [16] ; these groups include -C = O, -C-O-, and -O-O-.
Thermal expansion
From thermal expansion analysis testing of the composite plates, the thermal expansion (ΔL/L) of the composite plates as a function of temperature can be obtained at the same time. The coefficient of thermal expansion (CTE) can be determined from the ΔL/L-T plot shown in Figure 4 . At a temperature range from 30°C to 100°C, the CTEs of NG/PF, NG/NE-PF, and EG/PF composite plates were 0.18, 1.4, 4.0 μm/m/°C, respectively, which revealed that the thermal stability of the composite bipolar plates was high enough for PEMFC applications. The CTE of NG/PF composite plates was lower than that of the NG/ NE-PF composite plates. It may be due to the higher porosity, as presented in Table 2 , as some holes can hold the thermal expansion volume. However, the low CTE of NG also contributes to the low CTE of composite plates, whereas for the EG/PF composite plates, there are some groups on the surface of EG, which connect to PF. The chains between the groups and PF were flexible and more easily extended [17] , which resulted in a higher CTE than those of the other two types of composite plates.
Corrosion property 3.6.1 Direct immersion test
The most direct way of assessing the corrosion of the composites is to expose the material for a suitable time to an appropriate solution/pH/temperature and then measure the rate of corrosion by weight change, electrical conductivity, and flexural strength, before and after testing [18] . The different bipolar plate samples were conditioned by drying the samples at 80°C, and their weights were recorded. Then, these samples were completely immersed in 0.5 m H 2 SO 4 solution at 80°C (PEMFC operating temperature). The results are shown in Figure 5 ; the samples were found to have nearly the same weight as before, which discards the possibility of any dissolution of the plate material in the acid solution. The mass loss rates of the NG/PF and NG/PF-NE composite plates were only 0.29% and 0.23% respectively, much lower than that of EG/PF ( < 0.6%).
Figure 5B illustrates that the electrical conductivity of the NG/PF-NE composite plate increased with the corrosion time; however, there was no more change after 15 days. It can be considered that the polymer film on the surface of the NG/PF-NE composite plate was dissolved in the H 2 SO 4 solution, and the surface resistance decreased. As a result, the electrical conductivity increased and the flexural strength slightly decreased with the corrosion time; this was also confirmed by Butler in his experiments [19] . In contrast, the electrical conductivity of the NG/PF and EG/PF composite plates decreased with the corrosion time. The difference between the PF and PF-NE induced different variation tendencies. On the one hand, no small molecule was produced in the PF-NE cure reaction and complicated three-dimensional reticulated structures were formed, which resulted in a more compacted NG/ PF-NE composite plate. On the other hand, there was no gas hole produced by the small molecule such as H 2 O. The NG/PF-NE composite plate had a lower porosity, as shown in Table 2 , while the NG/PF and EG/PF composite plates had relatively higher porosities, which may be attributed to the corrosion solution permeating the NG/PF and EG/ PF composite plates. Consequently, the electrical conductivity and flexural strength of the NG/PF and EG/PF composite plates both decreased with corrosion time.
Polarization curves
The typical Tafel curves of the different composite bipolar plates after 1-h immersion are shown in Figure 6 . All these Tafel slopes are very similar. The corrosion current densities were obtained from the Tafel region of the polarization result demonstrated the excellent corrosion resistance of these composite plates. From the data in Table 3 , it was found that the corrosion current density of the NG/PF-NE composite plates was much lower than that of the EG/PF and NG/PF composite plates, and that the NG/PF-NE composite plates had better corrosion resistances than the EG/ PF and NG/PF composite plates. This is probably because the NG/PF-NE composite plates have better structure and surface properties, which can be confirmed from the illumination in the direct immersion test. This can also be observed from Figure 7 , which indicates that the surface of the NG/PF-NE composite plates was smoother than that of the NG/PF and EG/PF composite plates. From the above analysis, we presume that the corrosion property is strongly related to the kind of binders.
Conclusions
Three types of thin graphite/resin composite bipolar plates for use in PEMFCs were prepared by a BMC process using NG and EG as fillers, and phenolic resin and the epoxy resin as binders. Fillers in different structural forms gave different independent properties; it was found that the properties of the composite plates filled with NG were better than those of the composite plates filled with EG. The binder plays an important role in composites. In this work, the composite plates using the epoxy resin as binder had higher electrical conductivity and flexural strength than the composite plates using the single phenolic resin, and the other performance measures also showed better values. When the epoxy resin content was 20%, the electrical conductivity was > 100 S/cm, flexural strength was > 45 MPa, corrosion current density was only 1.8 μA/cm 2 , and there was only a small change of electrical conductivity and flexural strength in the simulated PEMFC environments. The results of this work indicate that it is important for researchers to choose better binders and fillers in studying composite bipolar plates.
plot, and the values for the three types of composite plates are summarized in Table 3 . The corrosion current densities of all the composite plates were < 16 × 10 -6 A/cm, which was defined by Min-Chien as an objective value [20] . This
